Spores of Bacillus and Clostridium species were subjected to oxidizing and reducing agents known to rupture protein disulphide bonds and to irradiation (ultraviolet ; high speed electron). These treatments caused no loss of brightness of spores when viewed by phase-contrast microscopy. However, lysozyme or hydrogen peroxide caused phase darkening of treated spores and loss of dipicolinic acid typical of normal germination except that hydrogen peroxide eventually caused almost complete lysis of the spores. Under certain conditions, spore viability was unaffected during treatment with reducing agents and during subsequent phase darkening in lysozyme. Spores made susceptible to lysozyme by reducing agents became insusceptible after storage in aerated water. These reactions are compatible with Vinter's observation of the high content of disulphide bonds in the coat fraction of spores (Vinter, 1960 ) and with the chemical or physical rupture of these bonds. Rupture of disulphide bonds allows action of lysozyme or hydrogen peroxide on previously protected substrates. The disulphide bonds are therefore probably important in the resistance of spores to enzymes and irradiation, and rupture of these bonds may be involved in the germination process. The probable location of the lysozyme substrate in mucopeptide of the spore cortex indicates the importance of the integrity of cortex structure in maintaining the phase brightness of spores.
INTRODUCTION
Bacterial endospores are dormant cells which are typically more resistant to desiccation, heat, toxic chemicals and ultraviolet irradiation than the corresponding vegetative forms. Spores germinate in solutions of specific metabolites such as L-alanine, inosine and glucose. Germination is characterized by rapid loss of resistance as above and the onset of metabolism. During germination several welldefined changes occur; these were reviewed by Murrell (1961) . For instance, germinating spores shed mucopeptides, calcium and dipicolinic acid and become permeable to stains. At the same time the optical density of suspensions of germinating spores decreases by about 50 o/o and in the phase-contrast microscope the initially bright spores become dark. This phase darkening is thought to correspond with an increase in spore hydration (Ross & Billing, 1957) . The dipicolinic acid and calcium in spores have been implicated in maintaining resistance of these cells to heat, but no function has been yet suggested for the mucopeptide. The mucopeptide shed by germinating spores is sensitive to lysozyme, although to our knowledge intact spores have never been shown to be attacked by lysozyme or any other enzyme. Many bacteria contain lysozyme-sensitive mucopeptide and yet are resistant to lysis by this enzyme; however, in some instances these resistant organisms may be made sensitive to lysozyme by various pretreatments such as incubation at low pH values (Noller & Hartsell, 196l) , freezing and thawing (Kohn, 1960) , incubation with Versene (Repaske, 1956) or with acetone (Warren, Gray & Bartell, 1955) . It seemed possible that in spores, the lysozyme-sensitive mucopeptide might similarly be protected in some way. Spores of species of Bacillus contain a higher concentration of cystine disulphide bonds than the corresponding vegetative forms and most of these bonds are localized in the spore coat fractions (Vinter, 1960; 1961 a, b; , which also contain protein (Salton & Marshall, 1959; Ohye & Murrell, 1962) . This occurrence together of protein and high content of disulphide bonds suggested that spore coats may contain a keratin-like component and that the resistance of spores to the action of lysozyme might be due to the protective role of the disulphide-rich protein coat. We therefore subjected spores to chemical and physical treatments known to rupture protein disulphide bonds, to find whether these treatments rendered spores sensitive to lysozyme and other enzymes. Phase-contrast microscopy was used to detect lysis or change in spore morphology and refractility as a result of enzyme action. Phase darkening of treated spores was induced by lysozyme, and it was noticed that hydrogen peroxide had a similar effect. The action of hydrogen peroxide and lysozyme was therefore investigated. A preliminary account of these reactions was reported earlier .
METHODS

Spore suspensions. The organism mainly used was Bacillus cereus NCTC 945;
18 other organisms used are listed in Results. Culture conditions and preparation of aerobic spore suspensions were as previously described (Hitchins, Gould & Hurst, 1963) . Anaerobic organisms were grown a t 30' in reinforced clostridial medium (Gibbs & Hirsch, 1956) . When sporulation was complete, spores were cleaned as referred to above and, when necessary, incubated with 1 yo (w/v) trypsin (Hopkins and Williams, Ltd., Chadwell Heath, Essex) at pH 8.0 and 37" for 1 hr. to dissolve cytoplasmic debris. After incubation with trypsin, spores were washed as above. Spore suspensions were stored in water at 4". Treatment of spores with agents which rupture disulphide bonds. The oxidizing agent used was performic acid (2.5-25 %, w/v), made just before use by mixing 95 ml.
formic acid with 5 ml. 100 vol. hydrogen peroxide and incubating at room temperature for 2 hr. (Sanger, 1947) . Reducing agents used were thioglycollic (mercaptoacetic) acid (1 to 25 yo, w/v; Sela, White & Anfinsen, 1957); 2-mercapto-ethanol (10 yo w/v) in the presence of 8 M-urea (Epstein & Anfinsen, 1962) ; sodium sulphite (12.5 yo, w/v) in the presence of 0.05 M-cuprammonium ion and 8 M-urea (Swan, 1957 Optical examination of spores. About 250 spores were examined by phase-contrast microscopy for each estimation and the percentage of spores which showed phase darkening was recorded to the nearest 5 yo. Optical densities of spore suspensions were measured at 580 mp in a Biochem absorptiometer (Hilger and Watts, Ltd., Camden Road, London, N.W. 1). These methods were used to estimate the extent of germination-like changes in spore suspensions.
Viability of spores. The ability of treated spores to germinate and produce colonies was tested in yeast glucose agar. Spores were mixed with reagents or lysozyme and samples withdrawn at intervals, immediately diluted, mixed with melted agar, incubated a t 37" and the colonies were later counted.
Estimation of dipicolinic acid (DPA). The DPL4 content of spores was measured by the colorimetric method of Jansen, Lund & Anderson (1958).
Re-oxidation of thioglycollic acid or 2-mmcapto-ethanol treated spores.
RESULTS
Sensitization
. of spores to lysoxyme. Bacterial spores appear bright under phasecontrast illumination and become dark during normal germination. Table 1 shows that after treatment with reagents known to oxidize or reduce protein disulphide bonds, although remaining phase bright, the spores became susceptible to lysozyme. Control treatments with formic or hydrochloric acids did not render spores susceptible to lysozyme ; untreated spores were also not susceptible. Sensitivity to 27-2 lysozyme was revealed by the phase darkening of oxidized and reduced spores in the presence of this enzyme; this phase darkening differed from the typical darkening of normal germination only because it obviously affected the peripheral region of the spore first. It is clear from Table 1 that sensitivity to lysozyme increased with the concentration of reagent, with reaction time and with temperature ; the presence of urea also increased the sensitivity. Concentrations of lysozyme between 5 and 500 ,ug./ml. were effective, and the maximum rate of phase darkening occurred at about 100 ,ug./ml. Untreated spores were unaffected by lysozyme; for instance, Treated spores were incubated a t 37" in pH 8.0 phosphate buffer containing 100 pg. lysozyme/ml.
Before incubation less than 5 yo spores were phase dark. no phase darkening of Bacillus cereus spores occurred after 20 hr. at 37" in 100 pg. lysozyme/ml. Spores incubated first with lysozyme and then with performic acid or thioglycollic acid showed no phase darkening. Unlike lysozyme, the proteolytic enzymes trypsin, a-chymotrypsin, pepsin, papain or a mixture of peptidases did not cause phase darkening of oxidized or reduced spores of Bacillus cereus. Irradiation also made spores susceptible to lysozyme, and the effectiveness of irradiation depended on the nature of the suspending medium. For instance, ultraviolet radiation was most effective when the suspending medium contained hydrogen peroxide, whereas high-speed electrons were most effective when the medium contained thioglycollic acid. The differences due to the suspending media were not further investigated, but the interesting fact is that, under certain conditions, spores were sensitized to lysozyme by irradiation. The rates of phase darkening varied when any of these experiments were repeated with spores of different organisms, with different stocks of the same spores or a t different times; however, the same trends were always shown. For instance, performic acid-treated spores of Bacillus cereus when incubated with lysozyme sometimes showed a lag phase before the onset of phase darkening, but this effect may have been due to slight differences in warming-up time or in sampling time in different experiments. Differences in rate were not considered important and were not investigated further. 
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Re-oxidixatiou of spores treated with reducirg agents. Table 2 shows that spores sensitized to lysozyme with thioglycollic acid gradually became insensitive during incubation in aerated water. Spores treated with 2-mercapto-ethanol, behaved similarly, but spores oxidized with performic acid remained sensitive to lysozyme after dialysis against water for 2 weeks.
During attempts to re-oxidize thioglycollic acid-treated spores with hydrogen peroxide it was found that the hydrogen peroxide caused pronounced phase darkening of the treated spores. It was also found that agents which sensitized spores to lysozyme (Table 1) also sensitized them to hydrogen peroxide. Ultraviolet irradiation more effectively sensitized spores to peroxide than to lysozyme and, as with lysozyme, the effectiveness of the treatment depended on the constituents of the suspending medium. Initially hydrogen peroxide caused phase darkening of spores similar to the effect of lysozyme, but on further incubation the spores were almost completely lysed, leaving only shadow forms. Hydrogen peroxide caused phase darkening of spores treated with thioglycollic acid or performic acid a t concentrations of 0.04-4-0 M (pH 8.0; Table 3) .
Eflect of Zysoxyme and hydrogen peroxide o n Bacillus and Clostridium spores treated with thioglycollic acid. Spores of the following thirteen strains of Bacillus species, which include those which normally split the spore wall and those which normally Sensitization of spores to hydrogen peroxide. After washing, the spores were incubated in lysozyme (100 pg./ml.) a t 37" in the following These reactions thus appeared to be general in their effects on bacterial spores.
Eflect of p H value on the sensitization of spores to lysoxyme and hydrogen peroxide. The sensitization of spores to lysozyme and hydrogen peroxide by thioglycollic acid, 2-mercapto-ethanol and performic acid (all 10 yo, vlv a t 70" for 30 min.) was tested in the range pH 2 to 7. Sensitization occurred only a t pH 2 or 3. Alkaline thioglycollate (10 yo, v/v at 70" for 30 min.) was also tested; sensitization to lysozyme occurred a t pH 11 and 12, being most rapid a t pH 12. Alkaline treatment in the absence of thioglycollate did not render spores sensitive to lysozyme. At pH 13 slight phase darkening was caused by alkalinity alone. Eflect of p H value on phase darkening of spores induced by lysoxyrne or hydrogen peroxide. The effects of lysozyme and hydrogen peroxide a t different pH values were compared using spores which had been treated with thioglycollic acid. Figure 1 shows that lysozyme was active between pH 6.0 and 10.0. Hydrogen peroxide (Fig. 2) was very active even at pH 11.2 and was relatively inactive below pH 7.0.
Unlike the lysozyme reaction the hydrogen peroxide reaction depended on the nature of the buffer (Fig. 2) ; e.g. it was inhibited in tris buffer (pH 8.0, 9.0) and it was slower in carbonate +bicarbonate buffer a t pH 9.2 than in phosphate buffer at pH 8.0. Since tris and carbonate + bicarbonate buffers are sequestrants it seemed probable that metal ions were involved. This was confirmed when the addition of various metal ions was found to annul the inhibitory effect of tris and carbonate+ bicarbonate buffers and stimulated the reaction at pH 6-0 in phosphate buffer (Fig. 3) . Furthermore, ethylene diaminetetra-acetic acid strongly inhibited the hydrogen peroxide reaction in phosphate a t pH 8.0.
Release of dipicolinic acid during phase darkening of sensitized spores in lysoxyme.
During normal germination bacterial spores lose all their dipicolinic acid at the same time as phase darkening occurs. It was therefore of interest to measure the loss of dipicolinic acid from treated spores incubated with lysozyme. During thioglycollic acid treatment a t 70" about one-seventh of the spore dipicolinic acid was shed, and Table 4 shows that during phase darkening in the presence of lysozyme a further rapid loss occurred. I n this respect the change induced by lysozyme was similar to the change which accompanies normal germination.
Viability of spores during treatment with thioglycollic acid and during subsequent phase darkening in lysoxyme. Bacillus cereus spores were incubated in thioglycollic acid (1 yo, v/v; 8 M-urea) at 37" for 24 hr. Samples were taken at intervals and spore viability determined by plate count. Although the spores became sensitive to lysozyme within 90 min., no decrease of viability occurred during 24 hr. Figure 4 shows that loss of viability occurred a t a much slower rate than loss of phase brightness.
DISCUSSION
Sensitization of cells by disulphide rupture to enzymes other than lysozyme includes the lysis of HeLa cells by trypsin (Shepherd & Sanders, 1962) , release of deoxyribonucleic acid from mammalian sperm by trypsin (Borenfreund, Litt & Bendich, 1961) and release of deoxyribonucleic acid from vaccinia virus by a protease from Streptomyces griseus (Pfau & McCrea, 1962) . These examples, together with Vinter's (1960) observation of the high disulphide bond content of spore coat fractions strongly suggest that rupture of disulphide bonds is the mode of action of the chemical and physical agents which sensitize bacterial spores to lysozyme or hydrogen peroxide.
The stimulating effect of urea shown in Table 1 can be explained by its action in breaking hydrogen bonds or weakening hydrophobic bonds (Whitney & Tanford, 1962) , thus allowing further opening out of macro-molecular structure, and the re-oxidation of reduced spores in water is easily explained by the well known re-oxidation of thiol groups in reduced proteins to disulphide bonds (Isemura et a,,?. 1961) . Spores oxidized with performic acid were found to be stable; this was expected since sulphonate groups formed by oxidation of disulphide bonds are unaffected by storage in aerated water. The whole process of sensitization can therefore be regarded as a disclosure of previously protected sites in the spore which are sensitive to lysozyme or hydrogen peroxide. Why the sensitization reactions are pH sensitive is not known. The effect of pH value is certainly on the spore rather than on the reagent, for the three reagents tested all showed the same optimum effect at about pH 3. Electrophoretic studies of spores by Douglas (1957) showed that near pH 3 the net charge on the spore is zero. It therefore seems likely that the pH value affects the accessibility and/or reactivity of disulphide bonds in the sporecoat protein. That proteolytic enzymes did not cause phase darkening of sensitized spores does not necessarily mean that their substrates were not present or made available, because these substrates need not be involved in maintaining phase brightness. The lysozyme substrate, however, is known to be present in spores because Strange & Dark (1956) showed that mucopeptide exuded from germinating spores contained lysozyme-sensitive linkages. It is more difficult to suggest a substrate for hydrogen peroxide but the fact that it almost dissolves sensitized spores suggests that its action is relatively non-specific and similar to its solubilizing action on collagen treated with reagents which break hydrogen bonds (Courts, 1961) . This is also suggested by the pH activity curve and the response to metal ions.
The simplest interpretation of the results is that : (1) the outer layer( s) of the spore contains protein with a high disulphide bond content; (2) beneath the proteinaceous layer( s) is lysozyme-sensitive mucopeptide; (3) beneath this, or associated with it, is dipicolinic acid which is released when the mucopeptide is acted on by lysozyme; (4) surrounded by all these components is the dormant pre-vegetative form or core. This interpretation is compatible with other work. For instance, Ohye & Murrell (1962) and Warth, Ohye & Murrell (1963a, b ) suggested that lysozyme-sensitive mucopeptide in spores is located in the cortex, the region between the coat and the core which is probably also the site of dipicolinic acid and calcium (Knaysi, 1961 ; Rode, Lewis & Foster, 1962) . Since rupture of the mucopeptide causes phase darkening, a characteristic and early event in normal germination, the importance of the cortex in maintaining phase brightness of spores is clearly indicated. Phase brightness of spores is probably due to their high solid content ( Ross & Billing, 1957) . Loss of phase brightness during germination or lysozyme treatment involves a loss of material with a consequent change in the structure of the cortex followed by replacement of this shed material by water.
Keratin-like proteins are known in micro-organisms ; Nickerson & Falcone (1956 ) demonstrated a pseudokeratin in yeast cell walls and Schaechter & Santomassino (1962) suggested that disulphide bonds are involved in maintaining the integrity of growing cells of Escherichia coti. Vinter (1961 a, b, 1962) showed that radiation resistance of spores probably depends on the high concentration of cystine disulphide bonds in the spore coat fraction. Disulphide-rich proteins are typically fibrous, insoluble and resistant to heat or enzymes. For instance, disulphide bonds render insulin partially resistant to chymotrypsin (Ryle, Sanger, Smith & Kitai, 1955) .
Apart from their protective role, Vinter (1960) suggested that spore disulphitle bonds may play a more active part during germination and he demonstrated a qualitative reduction of disulphide bonds to sulphydryl groups during germination (Vinter, 1961 b) . Normal germination may involve enzymic rupture of spore disulphide bonds with enzymes similar to protein disulphide reductases (Hatch & Turner, 1960;  Nickerson & Falcone, 1956) perhaps using reducing power from the metabolism of substances which initiate germination. It is clear that reagents which rupture disulphide bonds do not themselves initiate germination, although they leave the normal germination capacity and viability unimpaired. However, the action of a lytic system such as that discovered by Strange & Dark (1957) on mucopeptide in the spore cortex (Ohye & Murrell, 1962) could change the permeability (Black & Gerhardt, 1962) , leading to swelling of the spore with stretching of' the weakened coat . It is interesting to speculate that this stretching could be similar to the plastic deformation of budding points on yeast cell walls which is thought to be due to reduction of cell wall disulphide bonds by protein disulphide reductase (Nickerson & Falcone, 1959) . Such endogenous spore enzyme systems would clearly be similar in effect to the exogenous systems described in this work.
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